Morphological changes and the timing of disappearance of individual organelles provide key information for understanding the mechanism of cell death. The disappearance of microtubules, nuclei and starch grains was monitored during the death of long-lived ray parenchyma cells in the conifer Abies sachalinensis. From the eighth to the tenth annual ring from the cambium, morphological changes occurred in ray parenchyma cells and organelles disappeared. Morphological changes in nuclei became apparent first. Then microtubules disappeared and, finally, nuclei disappeared. Therefore, microtubules might play an important role during the death of ray parenchyma cells. The timing of the disappearance of starch grains differed among individual ray parenchyma cells. This result indicates that the timing of the loss of storage function in ray parenchyma cells might not depend on the progress of cell death. The possible role of microtubules during cell death of long-lived ray parenchyma cells that might differ from cell death of short-lived ray tracheids is discussed.
ray tracheids occurred successively in the radial direction from the cambium, and it seemed to be closely related to the distance of individual tracheids from the cambium in Abies sachalinensis, Pinus densiflora and Pinus rigida. The radial distance from the cambium indicates the passage of time from the start of differentiation in cambial derivatives. Thus, this pattern of cell death in longitudinal and ray tracheids resembles the time-dependent programmed cell death of in vitro differentiating tracheary elements that are derived from single cells of the mesophyll of Zinnia elegans (Fukuda 1997 (Fukuda , 2004 . By contrast, no successive cell death was observed in the ray parenchyma cells of Abies sachalinensis, Pinus densiflora and Populus sieboldii × P. grandidentata (Nakaba et al. 2006 (Nakaba et al. , 2008a . These observations suggest that the death of ray parenchyma cells might not be strictly dependent on the distance from the cambium and that the details of the death of long-lived ray parenchyma cells might differ from those of short-lived tracheids.
Morphological changes and the timing of the disappearance of individual organelles during cell death provide important clues to the mechanism of cell death. In our previous studies, the timing of the disappearance of actin filaments, microtubules, nuclei and vacuoles and of the fragmentation of nuclear DNA in short-lived ray tracheids revealed that the process of cell death in ray tracheids in situ differs from that in tracheary elements in the Zinnia culture system in vitro (Nakaba et al. 2008b (Nakaba et al. , 2011 . During the death of long-lived ray parenchyma cells, decreases in numbers of organelles (Nobuchi & Harada 1968) and increases in sizes of the vacuole (Nobuchi et al. 1982; Nobuchi & Harada 1985) have been noted in Cryptomeria japonica. However, there have been no studies, to our knowledge, of the timing of the disappearance of individual organelles during the death of long-lived ray parenchyma cells.
The purpose of the present study was to investigate the morphological changes and the timing of disappearance of nuclei and microtubules in long-lived ray parenchyma cells of Abies sachalinensis in order to characterize the events that occur during the death of ray parenchyma cells in situ. During cell death in ray tracheids, microtubules disappear just after the completion of the formation of the cell wall (Nakaba et al. 2008b) . By contrast, microtubules might play an important role in the transport of materials after the formation of the cell wall in ray parenchyma cells (Chaffey & Barlow 2001) . Therefore, we postulated that the role of microtubules during the death of ray parenchyma cells might differ from that in ray tracheids. In addition, we monitored starch grains in an attempt to identify the timing of loss of storage function during the death of ray parenchyma cells.
MATerIALS AND MeTHODS

Plant materials
Three healthy trees of Abies sachalinensis, which were approximately 25 years old and were growing in the Sapporo experimental Nursery of Hokkaido University, were used in this study. Small blocks containing phloem, cambium and xylem and, also, incremental cores containing sapwood and heartwood were taken from stems at breast height. Samples were taken in August, September and November in 2003. In order to avoid effects of wounding due to previous sampling, we decided to collect samples from a different tree at each sampling date. The annual ring number and width of sapwood at breast height were measured at three points for each sampled tree and averaged. Yamamoto (1982) observed that the death of ray parenchyma cells in five species in Pinus, including Pinus densiflora and P. strobus, which were growing in Hokkaido, started in July and continued until November. Therefore, we expected to observe the process of cell death in Abies sachalinensis during the time period of our experiment.
Preparation of specimens
For preparation of 1-µm-thick sections, samples were fixed overnight at room temperature in a 4% solution of glutaraldehyde in 0.1 M phosphate buffer (pH 7.2). After they had been washed with the same buffer, small blocks of samples were dehydrated through a graded ethanol series and embedded in epoxy resin (ePON812; TAAB, Berkshire, UK). radial sections of 1 µm thickness were cut with a glass knife on an ultramicrotome (Ultracut N; reichert, Vienna, Austria).
For preparation of 40-µm-thick sections, samples were fixed overnight at room temperature in a mixture of 3.6% paraformaldehyde and 0.2% glutaraldehyde that contained 10% dimethylsulfoxide and 0.1% Nonidet P-40 in 50 mM piperazine-1,4-bis (2-ethanesulfonic acid) buffer (pH 7.0), supplemented with 5 mM ethylene glycol-bis (β-aminoethyl ether) -N, N, N', N' -tetraacetic acid and 5 mM MgSO 4 . radial sections of approximately 40 µm thickness were cut on the freezing stage of a sliding microtome (MA-101; Komatsu electronics, Tokyo, Japan) and washed with phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 1.5 mM KH 2 PO 4 , 8.0 mM NaHPO 4 , adjusted to pH 7.3).
Visualization of nuclei and starch grains
radial sections of 40 µm thickness were stained with a 1% aqueous solution of acetocarmine for observations of nuclei ) and/or a 1% aqueous solution of iodine-potassium iodide for observations of starch grains (Nakaba et al. 2006; Begum et al. 2010) . Sections were observed under a light microscope (Axioskop; Carl Zeiss, Oberkochen, Germany). For observations of the autofluorescence of nuclei (Nakaba et al. 2008b) , radial sections of 1 µm thickness were examined with a fluorescence microscope (BX61; Olympus, Tokyo, Japan) under epifluorescence illumination (excitation/emission combination, BP 460-495/ BA 510IF).
Visualization of microtubules
For observations of microtubules, we performed immunofluorescence staining with rat monoclonal antibodies against α-tubulin from yeast (Funakoshi Co. Ltd., Tokyo, Japan) that had been diluted 1:10 in PBSB (PBS containing 0.1% NaN 3 and 1 mg ml -1 bovine serum albumin) (Abe et al. 1995a, b; Funada et al. 1997; Funada 2002; Begum et al. 2012) . radial sections of 40 µm thickness were incubated in this solution for 120 min at 30°C. Then they were washed with PBS and incubated for 60 min at 30°C with fluorescein isothiocyanate-conjugated antibodies against rat IgG (MP Biomedicals, Aurora, OH, USA) that had been diluted 1:10 in PBSB. These sections were mounted on glass slides and examined with a confocal laser-scanning microscope (LSM 310; Carl Zeiss; excitation/emission combination, 488/BP 515-565). Then the sections were demounted and stained with a 1% aqueous solution of acetocarmine for observation of nuclei under the light microscope.
reSULTS
At breast height, sapwood width differed among sample trees (15.4 ± 2.9 mm, mean ± standard deviation, n = 3 trees). However, annual ring number of sapwood in these trees was the same, namely ten years. Therefore, in this experiment, we focused predominantly on the age of the tissues and used annual ring number from the cambium to record the changes in ray parenchyma cells.
Nuclei stained with acetocarmine were observed in xylem ray parenchyma cells from the current year's xylem to the tenth annual ring from the cambium (Fig. 1 ). In the eleventh annual ring from the cambium, there were no nuclei in any of the ray parenchyma cells. These observations indicated that ray parenchyma cells died within ten years in Abies sachalinensis. In addition, the death of ray parenchyma cells that were located in the uppermost and lowest cell rows of a ray began sooner than that of the other, more central cells. The earliest death of ray parenchyma cells was observed in uppermost and lowest cell lines of a ray in the third annual ring from the cambium. Morphological changes in nuclei were easily recognizable in ray parenchyma cells in August, September and November (arrows in Fig. 1 ). Deformed nuclei were observed from the eighth to the tenth annual ring from the cambium. No deformed nuclei were found in ray parenchyma cells in the uppermost and lowest cell rows in August, September and November. Figure 2 shows the morphological characteristics and structures of nuclei in ray parenchyma cells. We classified the nuclei in ray parenchyma cells into three types: elliptical nuclei with obvious chromatin (type A; Fig. 2a, b) ; deformed nuclei with obvious chromatin (type B; Fig. 2c, d) ; and deformed nuclei without obvious chromatin (type C; Fig. 2e, f) . From the current year's xylem to the seventh annual ring from the cambium, we observed only type A nuclei in ray parenchyma cells. From the eighth to the tenth annual ring from the cambium, we found all three types of nuclei in ray parenchyma cells. No sequential morphological changes in the nuclei of ray parenchyma cells were apparent even within a given radial line of cells.
Dense bundles of cortical microtubules were visible during formation of secondary walls in ray parenchyma cells in the current year's xylem in August (data not shown). After completion of the formation of secondary walls, no cortical microtubules were observed in ray parenchyma cells. From the previous year's xylem to the seventh annual ring from the cambium, the orientation of microtubules in the ray parenchyma cells that still retained nuclei was predominately parallel to the cell axis. Microtubules disappeared from ray parenchyma cells that were located in the uppermost and lowest cell rows of individual rays from the third annual ring from the cambium. These ray parenchyma cells no longer contained nuclei. We also observed the sporadic disappearance of microtubules from ray parenchyma cells in other cell lines of a ray from the eighth to the tenth annual ring from the cambium (Fig. 3) . In all of the ray parenchyma cells that contained type A nuclei, thick bundles of microtubules were oriented predominantly in parallel to the cell axis (Fig. 3a, b) . In ray parenchyma cells that had type B nuclei, by contrast, microtubules were not always present (Fig. 3c-f) . No microtubules were found in any of the ray parenchyma cells with type C nuclei (Fig. 3g, h) .
In August, in the current year's xylem, there were no starch grains in any ray parenchyma cells. However, in September and November, we found starch grains in ray parenchyma cells in the current year's xylem. From the second to the seventh annual rings from the cambium, ray parenchyma cells that contained nuclei also contained starch grains (data not shown). Starch grains were absent from ray parenchyma cells that no longer contained nuclei in the uppermost and lowest cell rows of a ray from the third annual ring from the cambium. From the eighth to the tenth annual ring from the cambium, very small amounts of starch were detected but starch grains were absent from other cell rows (Fig. 4) . The size and number of starch grains in ray parenchyma cells with type A nuclei differed among individual ray parenchyma cells (Fig. 4a) . Cells without starch grains were occasionally found in ray parenchyma cells with type A nuclei (asterisk in Fig. 4a ). In the case of ray parenchyma cells with type B nuclei, the number and size of starch grains were smaller and the frequency of cells without starch grains was higher than in the case of ray parenchyma cells with type A nuclei (Fig. 4b,  c ). There were no starch grains in ray parenchyma cells with type C nuclei (Fig. 4d) . The timing of disappearance of microtubules and starch grains that accompanies morphological changes in nuclei during the death of ray parenchyma cells is shown schematically in Figure 5 .
DISCUSSION
Morphological changes were already evident in nuclei of ray parenchyma cells from the eighth to the tenth annual ring from the cambium in August (Fig. 1) . However, such changes in nuclei were not observed in the ray parenchyma cells in the uppermost and lowest cell lines of each ray. Yamamoto (1982) reported that, in Pinus banksiana, the timing of the death of ray parenchyma cells that were in contact with ray tracheids differed from that of ray parenchyma cells that were not in contact with ray tracheids. Similarly, the death of ray parenchyma cells in the uppermost and lowest cell lines of a ray might occur at a different time from that of the other cells. In previous studies, we noted positional differences among ray parenchyma cells in the timing of cell death, differentiation and function such as storage of materials and synthesis of heartwood substances (Nakaba et al. 2006 (Nakaba et al. , 2008a . Our observations indicate that the position within a ray might influence the timing of cell death, the pattern of differentiation and, thus, the function of ray parenchyma cells.
During the death of ray parenchyma cells, we classified nuclei in three types. We postulated that morphological changes in nuclei proceeded from type A to type C during the death of ray parenchyma cells. Therefore, we used morphological characteristics and the structure of nuclei in ray parenchyma cells as an index of the progression of cell death in ray parenchyma cells. Such morphological changes and disappearance of obvious chromatin in nuclei were also observed during ongoing autolysis in ray tracheids (Nakaba et al. 2011) . These observations suggest that morphological changes and disappearance of obvious chromatin in nuclei are common phenomena in the process of cell death of short-lived ray tracheids and long-lived ray parenchyma cells.
It is well known that cortical microtubules are mainly involved in cell wall formation, and microtubules guide the movement of cellulose synthase complexes on the plasma membrane (Baskin 2001; Funada 2008) . In Abies sachalinensis, the formation of the secondary wall occurred in all ray parenchyma cells in the current year's xylem and we observed cortical microtubules in these ray parenchyma cells. DNA microarray analysis of different developmental stages of xylogenesis in hybrid aspen (Populus tremula × P. tremuloides) revealed that ten tubulin genes were strongly up-regulated during secondary wall formation (Hertzberg et al. 2001) . Similar tubulin genes might be also highly expressed in ray parenchyma cells during secondary wall formation in Abies sachalinensis.
In ray parenchyma cells that had finished formation of secondary wall, no cortical microtubules were observed but other microtubules were still present (Fig. 3) . It has been suggested that microtubules in mature ray cells might be involved in intracellular transport in Aesculus hippocastanum and Populus tremula × P. tremuloides (Chaffey & Barlow 2001) . Therefore, the microtubules observed in ray parenchyma cells after the completion of the cell wall might participate in transport until the cells die.
Microtubules disappeared from ray parenchyma cells that retained their nuclei from the eighth to the tenth annual ring from the cambium (Fig. 3 ). Microtubules were evident in all ray parenchyma cells that had type A nuclei and in some ray parenchyma cells that had type B nuclei (Fig. 3a-d) . By contrast, no microtubules were observed in the remaining ray parenchyma cells with type B nuclei and none was observed in any of the ray parenchyma cells with type C nuclei (Fig. 3e-h ). These observations indicate that microtubules were in the process of disappearing in ray parenchyma cells with type B nuclei.
During the cell death of short-lived ray tracheids, a variety of organelles start to disappear after the completion of the cell wall (Nakaba et al. 2008b) . Microtubules and vacuoles disappeared first, just after completion of the cell wall and, at the same time, morphological changes occur in the nuclei (Nakaba et al. 2011) . Then actin filaments disappear, and, finally, nuclei disappear entirely (Nakaba et al. 2008b ). These observations indicate that microtubules rapidly cease to function after the completion of the cell wall and it seems plausible that they might not be directly involved in the autolysis that occurs during cell death in short-lived ray tracheids. By contrast, we continued to find thick bundles of microtubules even after nuclei had changed shape in long-lived ray parenchyma cells (Fig. 3c, d) . Thus, microtubules might continue to function during cell death. Although the reorganization of microtubules during programmed cell death in plants has been reported, the role of microtubule dynamics in programmed cell death in plants is not fully understood (Smertenko & Franklin-Tong 2011) . During autophagy of mammalian cells, microtubules facilitate the trafficking of autophagosomes (Monastyrska et al. 2009 ). The Arabidopsis autophagy ATG8 gene family shows significant homology to mammalian microtubule binding proteins, and ATG8 proteins bind to microtubules in vitro (Ketelaar et al. 2004) . Therefore, microtubules might be involved in autophagy in plants. It is possible that microtubules play an important role in the movement of autophagosomes during the death of long-lived ray parenchyma cells.
Starch grains disappeared from ray parenchyma cells with nuclei from the eighth to the tenth annual ring from the cambium (Fig. 4) . Starch grains disappeared in ray parenchyma cells as type A nuclei progressed to type B and type C but the timing of disappearance of starch grains differed among individual ray parenchyma cells. Starch grains disappeared from some ray parenchyma cells earlier than the changes in morphology of their nuclei (asterisk in Fig. 4a ). The timing of the loss of storage function in ray parenchyma cells might not depend on the progress of cell death. It has been suggested that starch is used for synthesis of heartwood substances (Magel et al. 2000) . Therefore, starch grains that disappeared from ray parenchyma cells might be converted into heartwood substances.
In the present study, we monitored the timing of the disappearance of microtubules, nuclei and starch grains during the death of ray parenchyma cells in Abies sachalinensis. It appears that the timing of the disappearance of microtubules in long-lived ray parenchyma cells differs from that of cell death in short-lived ray tracheids. In ray tracheids, microtubules cease to function just after completion of the cell wall. By contrast, in ray parenchyma cells, microtubules might play an important role, partici-pating, for example, in the movement of autophagosomes, during the process of cell death. Microtubules might be involved in a significant manner in the process of cell death in long-lived secondary xylem cells in situ.
